[1] New seismic refraction data reveal that hydrothermal circulation at the Trans-Atlantic Geotraverse (TAG) hydrothermal field on the Mid-Atlantic Ridge at 26°10 0 N is not driven by energy extracted from shallow or mid-crustal magmatic intrusions. Our results show that the TAG hydrothermal field is underlain by rocks with high seismic velocities typical of lower crustal gabbros and partially serpentinized peridotites at depth as shallow as 1 km, and we find no evidence for low seismic velocities associated with mid-crustal magma chambers. Our tomographic images support the hypothesis of Tivey et al. (2003) that the TAG field is located on the hanging wall of a detachment fault, and constrain the complex, dome-shaped subsurface geometry of the fault system. Modeling of our seismic velocity profiles indicates that the porosity of the detachment footwall increases after rotation during exhumation, which may enhance footwall cooling. However, heat extracted from the footwall is insufficient for sustaining long-term, high-temperature, hydrothermal circulation at TAG. These constraints indicate that the primary heat source for the TAG hydrothermal system must be a deep magma reservoir at or below the base of the crust.
Introduction
[2] High-temperature hydrothermal circulation on mid-ocean ridges plays an important role in the exchange of heat and mass between the Earth's lithosphere and oceans. It has been proposed that hydrothermal convection may be driven by either heat extracted from a crystallizing magma reservoir [e.g., Cann et al., 1985] , or by cracking fronts propagating through hot but solid rock [e.g., Lister, 1974] . Wilcock and Delaney [1996] have further proposed that the dominant mechanism of heat extraction depends on geological factors related to spreading rate, with circulation at fast spreading ridges, such as the East Pacific Rise (EPR), extracting heat from a shallow crustal magma chamber, while circulation at slower spreading ridges, such as the Mid-Atlantic Ridge (MAR), utilizes deeply penetrating faults to extract heat from a broad cracking front.
[3] However, Cann and Strens [1982] argue that cracking fronts are not capable of providing hightemperature fluids over geologically significant timescales, and all of the seismic studies conducted to date in the vicinity of known high-temperature hydrothermal systems have detected the presence of crustal melt, irrespective of spreading rate. Seismic reflections from crustal melt lenses have been observed beneath high-temperature hydrothermal systems at the southern [e.g., Singh et al., 1998 ] and northern EPR [e.g., Detrick et al., 1987] , the intermediate-spreading Juan de Fuca Ridge [e.g., Canales et al., 2006; Van Ark et al., 2007] , the back-arc Eastern Lau Spreading Center [e.g., Martinez et al., 2006] , and the MAR near 37°40 0 N . Tomographic images of low seismic velocities indicative of crustal partial melt have also been obtained near hightemperature hydrothermal systems at the northern EPR [Dunn et al., 2000] and the MAR near 23°20 0 N [ Canales et al., 2000] . These results challenge the cracking front model, and suggest that high-temperature hydrothermal fields are associated with heat extraction from crustal melt reservoirs regardless of spreading rate and geological setting. A possible exception to this rule is the Trans-Atlantic Geotraverse (TAG) hydrothermal field on the MAR at 26°10 [Tivey et al., 2003] . Inset shows the location of the TAG segment along the MAR.
where anomalously low seismic velocities reported in an early seismic study [Kong et al., 1992] have been interpreted in different ways by several authors: as hot but solid rock in support of the cracking front hypothesis [e.g., Wilcock and Delaney, 1996] , as well as crustal melt reservoirs in support of the crystallizing magma chamber hypothesis [e.g., Humphris and Cann, 2000] .
[4] The TAG hydrothermal field is composed of a low-temperature alteration zone, five inactive, high-temperature hydrothermal deposits, and the active TAG mound, which is the largest hightemperature hydrothermal deposit found to date on the seafloor [e.g., Rona et al., 1986] . The mineralogy and structure of the active TAG mound and the tectonic context of the TAG field have been extensively studied [e.g., Humphris et al., 1995; Kleinrock and Humphris, 1996; Lalou et al., 1995; Zonenshain et al., 1989] . High-temperature discharge has been occurring on a fissured zone of the rift valley floor near the eastern valley wall [e.g., Kleinrock and Humphris, 1996] for the past $150 kyr, which has generated $3.9 million tonnes of massive sulfide deposits [Humphris et al., 1995] .
[5] The anomalously low seismic velocities reported by Kong et al. [1992] , combined with the observation of a neovolcanic zone in the axial valley east of the hydrothermal field [e.g., Kleinrock and Humphris, 1996] , has, until recently, led most researchers to believe that mid-crustal magma injections are the primary heat source driving hydrothermal convection beneath TAG. However, other studies have shown that faulting and tectonic extension play an important role in this system. Gabbro exposures have been observed along a fault scarp to the east of the TAG mound [Zonenshain et al., 1989] , suggesting uplift of intrusive crustal rocks along the eastern valley wall. In addition, near-bottom magnetic data have shown that the eastern valley wall is characterized by a low-magnetization anomaly that is best explained by crustal thinning from extension along a detachment fault [Tivey et al., 2003] . Modeling of the magnetic data suggests that the fault has been active since $0.35 Ma, and has accommodated about 4 km of horizontal extension [Tivey et al., 2003] . These results suggest that the active TAG mound is located on the hanging wall of a detachment fault, about 2.5 km away from the fault termination.
[6] In this paper we present results from a controlledsource seismic tomography experiment carried out to characterize the crustal structure of the TAG segment and constrain the nature and position of the heat source driving high-temperature hydrothermal circulation. Our results do not agree with the previously reported seismic structure of the TAG segment by Kong et al. [1992] . We find that the seismic structure beneath the active TAG mound is remarkably different from the seismic structure beneath other high-temperature hydrothermal systems [Canales et al., 2000; Dunn et al., 2000] , and is inconsistent with the existence of upper or mid-crustal melt reservoirs large enough to drive convection at the TAG system. Instead, seismic velocities beneath the hydrothermal field are typical of lower crustal and upper mantle rocks, with a subsurface geometry that is consistent with exhumation on a dome-shaped detachment fault. When all of the geological and geophysical evidence is taken together we find that the heat source driving the TAG system must be located at or below the crust-mantle boundary.
Data and Method
[7] We conducted a controlled-source seismic refraction experiment along three profiles at the TAG segment during October -November 2003 ( Figure 1 ). We used the R/V Maurice Ewing's 20-unit tuned air-gun array with a total volume of 8760 cubic inch (143.6 L) to trigger seismic sources every 350 m along the profiles. Body waves from the towed source were recorded by two sets of ocean bottom seismometers (OBS). One set of 15 OBS, with a sampling rate of 125 Hz, was deployed along the profiles at $4.5 km intervals. A second set of 9 OBS, with a sampling rate of 100 Hz, was centered on the active TAG mound for a microseismicity study [deMartin et al., 2007] , but the instruments were deployed on the seismic profiles to improve the spatial resolution of our survey in the immediate vicinity of the TAG hydrothermal field.
[8] Profile 1 was located along the eastern side of the rift valley floor, over the fissured area referred to as zone 3 by Kleinrock and Humphris [1996] , and passed directly over the active TAG mound (Figure 1 ). This profile runs very close to a volcanic feature at 26°06 0 N that Kong et al. [1992] argued is the site of recent crustal magma injection. Profile 3 was located $3.5 km west of, and parallel to, Profile 1, and passed over young volcanic terrain referred to as zone 2 by Kleinrock and Humphris [1996] . Profile 2 ran across the axial valley orthogonal to the other profiles, and crossed Profile 1 at the active TAG mound. [9] Maximum source-receiver offsets were 50 km, and high signal-to-noise ratio (SNR) body wave arrivals were observed at offsets of up to $40 km (Figure 2) . We used the traveltime inversion method of Korenaga et al. [2000] to estimate the twodimensional (2-D) P wave velocity field along each profile. First arrival traveltimes were handpicked without differentiating between crustal (P g ) or mantle (P n ) refracted phases. Traveltime uncertainties ( Figure 2 ) were estimated incorporating effects from the SNR of the arrival [e.g., Zelt and Forsyth, 1994] , the uncertainty of the source and receiver locations, and the uncertainty in seafloor ray entry points due to out-of-plane topography and propagation.
[10] The models were parameterized as sheared meshes hanging from the seafloor topography with 250-m lateral nodal spacing and variable vertical nodal spacing (100 m within the upper 2 km, 200 m between 2-4 km depth, and 300 m at depths >4 km). Horizontal and vertical correlation lengths (l H and l V , respectively) were used to impose smoothing constraints, damped by a smoothing weight l V to control the relative importance of the smoothing constraints with respect to the data resolution [Korenaga et al., 2000] . We selected the most appropriate values of l H , l V , and l V by repeating the inversion using many combinations of these parameters, and inspecting the weighted (c 2 ) residuals (Figure 3 ). For consistency, and for intercomparability between inversions, we show solutions using the same set of parameters for all three of the profiles. We rejected solutions with c 2 < 1 because they over-fit the data, and found that the parameter set (l H = 800 m, l V = 300 m, l V = 100) provides the best combination for all three of the profiles.
Seismic Tomography Results
[11] We began our analysis by using the onedimensional (1-D) average velocity model for the center of segment OH-1 near 35°N [Hooft et al., 2000] , hereinafter referred to as model OH-1, as our starting model (Figure 4 ). Forward modeling of our data using model OH-1 results in poor traveltime fits (c 2 > 17; Table 1 ). Traveltime residuals are biased toward negative values along Profiles 1 and 2 ( Figure 5 ), indicating that seismic velocities along these profiles are, on average, higher than at segment OH-1. In contrast, traveltime residuals are positively biased along Profile 3 (Figure 5 ), indicating strong lateral variability across the rift valley floor of the TAG segment. We used model OH-1 as a starting model to invert for the best-fitting, laterally invariant 1-D structure along the three profiles (Figure 4) . The 1-D inversions improve the traveltime residual statistics by reducing the variance by 7%, 18%, and 30% for Profiles 1, 2, and 3, respectively ( Figure 5 ), but the fits are still poor (c 2 > 13; Table 1 ). These results demonstrate that the seismic structure of the TAG segment is not consistent with a simple 1-D model.
[12] We performed 2-D inversions of our data using the best-fitting 1-D solutions for each profile as starting models. The resulting 2-D models ( Figure 6 ) considerably improve the traveltime fits, yielding a variance reduction of 92%, 91%, and 86% for Profiles 1, 2, and 3, respectively ( region with a triangular cross-section profile centered beneath the shallowest part of the seafloor near the segment center (3.75 km to the north of the active TAG mound). Within this region, velocities as high as 6.7 km s À1 are found at 1 km depth, and extend down to at least 5 km depth with very low velocity gradient. This high-velocity region also underlies the volcano near 26°06 0 N where Kong et al. [1992] reported anomalously low seismic velocities. Seismic velocities are also somewhat higher near the northern end of the profile, where mantle velocities (>7.5 km s À1 ) are found at 4 km depth, compared to the southern end of the profile, where velocities increase from $3 km s
À1
at the seafloor to 6 km s À1 at 3 km depth.
[13] The velocity model along Profile 3 does not show significant lateral variations in seismic structure ( Figure 6 ). This contrasts with the large variations found along Profile 1, despite the fact that the profiles are only $3.5 km apart (Figure 1 ), indicating strong variability in axial valley crustal structure in the spreading direction. This variability is evident in the velocity model of Profile 2 (previously reported by deMartin et al. [2007] ), which shows a highly asymmetric structure. High velocities characterize the eastern valley wall, while the valley floor and western wall display lower crustal velocities ( Figure 6 ).
Interpretation and Discussion
[14] To assist in the interpretation of the velocity models, we compare 1-D velocity profiles from three locations at the TAG segment (shown in Figure 1 and Figure 6 ) with 1-D velocity models from other segments of the MAR ( Figure 7 ). Seismic velocities in the upper 0.5-1.5 km beneath the active TAG mound are significantly higher than average MAR values, but below 1.5 km depth the velocities are very similar. In contrast, the velocity structure 3.5 km west of the mound is indistinguishable from MAR average values. Velocities beneath the TAG mound decrease slightly from 6.9 km s À1 at 2 km depth to 6.4 km s À1 at 2.4 km depth in our best-fit 2-D model for Profile 1 (Figure 7 ). Resolution tests demonstrate that this negative velocity gradient is required by the data, although there is a trade-off between the thickness and amplitude of the negative gradient region (see Appendix A). Shallow crustal velocities in the southern nodal basin at depths from 1.5-3.0 km are 1.5 km s À1 lower than the average MAR crust, but at depths greater than 3 km velocities are comparable to average MAR values. wall of a west-facing normal fault, $2.5 km from the fault termination [e.g., Kleinrock and Humphris, 1996] . Magnetic data indicates that this extensional fault has been active for $0.35 Myr [Tivey et al., 2003] , during which time deep crustal rocks (gabbros) have been uplifted and exposed on the seafloor [Karson and Rona, 1990; Zonenshain et al., 1989] . It seems, however, that the fault has not been active long enough to expose mantle rocks, nor to form the typical corrugated dome that characterize many oceanic core complexes associated with mature detachment faults Escartín et al., 2003; Tucholke et al., 1998 ]. The deep geometry of the fault has been recently inferred from a microearthquake study, which indicates that seismic activity along the fault is concentrated in a steeply dipping ($70°), $12 km-long curved band at 3.0-6.5 km depth [deMartin et al., 2007] . Thus the extant geological and geophysical data suggest that the TAG segment represents the early stages of development of a young oceanic detachment fault.
Subsurface Geometry of a Young Oceanic Detachment Fault
[16] Our results are consistent with a detachmentfaulting model for extension at TAG, and provide new constraints on the shallow (<4 km depth) geometry of the fault system. The roughly triangular shape of the high-velocity zone along Profile 1 coincides spatially with the distribution of microseismicity along the rift valley floor [deMartin et al., 2007] (Figure 8b ), as well as the along-axis extent of the reduced magnetization zone [Tivey et al., 2003] . These spatial correlations lead us to interpret the high-velocity body along the center of Profile 1 as the footwall of the detachment fault (Figures 6 and 8) . In cross-axis view, our results show that lower crustal rocks with seismic velocities greater than 6.5 km s À1 occur at shallow depth at the eastern valley wall. This implies an upliftalong-detachment process that explains the contrasting seismic structure between Profiles 1 and 3, and creates a dipping interface between highvelocity footwall rocks and lower-velocity hanging wall rocks in across-axis Profile 2. The boundary between the high-and low-velocity regions of Figures 6 and 8 thus represents the detachment surface and fault plane in the upper section of the crust.
[17] From our across-axis model (Figures 6 and 8) we infer a fault dip of $20 ± 5°within the upper 2 km, a section of the fault that seems to be aseismic [deMartin et al., 2007] . This angle is similar to the angle of the fault scarp exposed on the seafloor [Zonenshain et al., 1989] , and it is consistent with the idea that oceanic detachment faults exhume the footwalls at low angles [Dick et al., 1981; Tucholke and Lin, 1994] . However, it is much smaller than the $70°angle delineated by the microseismicity within the 3-6.5 km depth range [deMartin et al., 2007] . This implies that the detachment fault nucleates at high angles in a weak, deep zone, and that the footwall of the fault rolls over as it is exhumed, with the rotation occurring primarily at 2-3 km depth. This interpretation is consistent with models of flexural rotation of normal faults from high to low angle that have been proposed for both continental and oceanic settings [e.g., Buck, 1988; Lavier et al., 1999] . Numerical models of lithospheric extension such as those of Lavier et al. [1999] and Buck et al. [2005] predict that fault rotation occurs at lateral scales of less than 5 km, comparable to the 1-2 km lateral scale inferred from our observations. In those numerical models, flexural rotation of the fault occurs along its exposed, inactive section. In contrast, our results indicate that rotation can occur at $2-3 km depth, probably the depth at which flexural stresses exceed those of the brittle, low-cohesion uppermost crust of the hanging wall.
[18] Our results also provide constraints on the along-strike extent and geometry of the detachment fault. From our tomographic images we infer that the fault dips along-strike at shallow angles ($16°a nd $8°to the north and south, respectively; Figure 8 ). This observation has implications for other detachment faults and oceanic core complexes. In oceanic core complexes that are not bounded by segment discontinuities, like the northern end of Atlantis massif, the along-strike termination of the exposed fault is not well understood. At Atlantis massif, the smooth corrugated detachment ends abruptly to the north where the seafloor fabric becomes more typical of abyssal hills and volcanic terrain [Cann et al., 1997] . However, the fault appears to continue along strike beneath this volcanic carapace, as inferred from seismic reflection data [Canales et al., 2004] . Reston and Ranero [2005] suggest that the along-strike extent of detachment faults formed at slow spreading centers is larger than what can be inferred from the seafloor morphology. These authors argue that a significant part of a detachment fault may be buried by other small fault blocks transferred from the hanging wall to the footwall if the depth at which the fault becomes inactive varies along the spreading segment. The distribution of microseismicity that defines the deep geometry of the detachment fault, together with the seismic structure presented here, indicate that the detachment fault is a complex surface that dips both along the extension direction (with dip angle varying with depth) as well as along strike (Figure 8 ). The complex fault surface resembles a dome, rather than a simpler planar surface. The three-dimensional, subseafloor fault surface that we infer from our velocity models and the distribution of deep micro-earthquakes [deMartin et al., 2007] (Figure 8b ) is thus remarkably similar to the young, dome-shaped core complexes recently found in other regions of the MAR [Smith et al., 2006] . It is this complex geometry that gives rise to a curved plate boundary [deMartin et al., 2007] and the apparent truncation along-strike of the exposed footwall.
Thermal Structure of the Detachment Fault Footwall
[19] Our seismic velocity models, together with the extant geophysical information, also provide constraints on the thermal structure and composition of the detachment footwall beneath the TAG mound. Determining the thermal structure of the lithosphere within the axial rift valley is not trivial matter, since the distribution and longevity of heat sources, heat sinks, and faults during the past several hundred thousands of years is unknown. However, a good approximation can be obtained from two-dimensional numerical models of midocean ridge faulting the accurately predict the formation of long-lived normal faults in the presence of an appropriate balance between dike intrusions and amagmatic extension [Buck et al., 2005] . Figure 9a shows temperature-depth profiles at a distance of 3.8 km from the ridge axis obtained from thermomechanical modeling of detachment faulting considering a half spreading rate of 15 mm yr À1 [Williams et al., 2006] , following the method described by Tucholke et al. [2006] . Although these models do not include the effects on temperature of asthenospheric mantle upwelling, melting, and magma migration, they do account for the heat provided by dike injections at the ridge axis, as well as heat extraction by hydrothermal cooling, and accurately predict the style of deformation and faulting observed in the TAG area.
[20] In these models, hydrothermal cooling is simulated by enhancing the thermal conductivity of the regions with temperatures below 600°C and above 7 km depth by a factor Nu (Nusselt number) [Phipps Morgan et al., 1987] . We constrain the range of plausible thermal models by choosing those that are consistent with the observed microseismicity beneath the TAG mound, which extends to $5-6 km depth (Figure 9b ) [deMartin et al., 2007] and can be taken as the depth to the brittle- Figure 7 . Velocity-depth profiles from TAG compared to profiles from the Snake Pit neovolcanic zone (MAR 23°20 0 N) and average young Atlantic crust [White et al., 1992] . The velocity-depth profiles represent averages within 5-km-wide sections of each seismic profile; the width of the profiles corresponds to twice the estimated uncertainty of the velocity models at those locations (see Appendix A). plastic transition (BPT). For the case of Nu = 2, the geotherm intersects the BPT [Hirth et al., 1998 ] at 4 km depth, while for Nu = 4 the geotherm intersect the BPT below 6 km depth (Figure 9a ). Thus the thermal structure beneath the TAG mound is probably well approximated by these two endmember thermal models.
[21] We use laboratory-derived relationships between pressure, temperature, and compressionalwave velocity to test whether these geotherms are consistent with our seismic data. The velocity structure of the footwall beneath the TAG mound, which begins at $1 km depth along Profile 1 (Figure 7) , is characterized by P wave velocities in the range of 6.5-7.0 km s À1 (Figures 7 and 9c ). These velocities suggest that the footwall is composed primarily of gabbroic rocks and/or partially serpentinized peridotite [e.g., Miller and Christensen, 1997] . deMartin et al. [2007] estimate that the average V P /V S ratio of the TAG segment is $2.0, which is consistent with laboratory measurements on serpentinized peridotites [Miller and Christensen, 1997] . However, their estimate is an average for the whole segment, not just the footwall, and it could reflect the highly tectonized nature of the hanging wall. Thus, for simplicity, we assume a purely gabbroic composition, consistent with submersible observations of gabbro exposures on fault scarps along the eastern valley wall [Zonenshain et al., 1989] , but the following interpretation is also valid for a more heterogeneous footwall composed of mafic and ultramafic rocks [e.g., Cannat, 1993] . We first compute the expected increase in V P with increasing pressure. We find the pressure (P) derivative of V P by fitting an equation of the form V P (P) = V 0 + bln(P) to laboratory measurements of V P as a function of confining pressure (up to 200 MPa) on MAR gabbro samples [Miller and Christensen, 1997] , assuming an effective pressure gradient of 25 MPa km À1 [Carlson and Miller, 2004] . We then calculate the effect of temperature on V P using the temperature derivative of V P reported by Christensen [1979] for gabbros. Finally, to make the predicted velocitydepth profiles directly comparable to our observations, we adjust the calculated V P by 0.155 km s À1 so it matches our observations at 1.2 km depth.
Figure 8
[22] The predicted seismic velocities (Figure 9c ) exceed our observations over the depth range from 1.2 km to $3.0-3.5 km. Since we have already accounted for the effect of temperature on V P , the mismatch can only be explained by the presence of melt or by fracturing and alteration. We rule out the former explanation because the predicted temperature within that depth range is significantly lower than the temperature of the gabbro solidus (Figure 9a) , and because the BPT inferred from the seismicity is at least 5 km deep. Thus the most likely explanation for the mismatch is increased porosity within the upper part of the footwall. For example, a porosity of 0.003 in the form of waterfilled cracks (aspect ratio of 0.01 [Kuster and Töksoz, 1974] ) from 2 km to 2.4 km depth is sufficient to reduce the predicted seismic velocities to match our observations (Figure 9c) . As discussed in section 4.1, the geometry of detachment fault delineated by the microseismicity and the tomography models indicates that the footwall suffers considerable rotation at 2-3 km depth as it is exhumed [deMartin et al., 2007] . Such rotation is likely to damage the footwall, creating a section of increased porosity and fracturing within the footwall that can be exploited by fluids to contribute its cooling. Fluid flow within the fractured footwall can also alter the mineralogy, further contributing to the reduced seismic velocities. In the next section we investigate whether the heat mined from the footwall is sufficient to drive high-temperature hydrothermal convection beneath TAG.
Heat Source of the TAG Hydrothermal System
[23] A previous seismic study of the TAG segment [Kong et al., 1992] reported the presence of a lowvelocity zone at a depth of $3-6 km, south of the active TAG mound at approximately 26°06 0 N, which was interpreted as a crustal magma body. Subsequent studies have assumed that this magma body is the primary heat source for hydrothermal convection at the TAG field. Our results, however, do not support these ideas as we do not find evidence for seismic low-velocity zones associated with crustal magma chambers or interstitial partial melt beneath the TAG mound. Nowhere along our profiles do we find a structure comparable to the anomalously low seismic velocities found beneath Kong et al. [1992] . Our interpretation of the subsurface geometry of the detachment fault along Profiles 1 and 2 is shown by a thick solid line, which approximates the intersection between the fault plane and the 2-D crustal sections. Along Profile 1 the curved fault plane encloses the footwall, characterized by high velocities and with relative movement along the fault into the page. The hanging wall corresponds to the area above the fault plane, with relative movement out of the page. Along Profile 2, high velocities to the right of the fault plane correspond to the footwall, while the hanging wall is to the left of the fault. Arrows indicate relative movement along the fault. (b) Three-dimensional oblique view of illuminated bathymetry of the TAG segment and velocity perturbation models for Profiles 1 and 2 (color scale as in Figure 8a ). The semitransparent yellow surface is an approximate three-dimensional rendition of a fault surface that is consistent with the high-velocity anomalies found along the seismic profiles, as well as with the local microseismicity (gray dots) [deMartin et al., 2007] . the Snake Pit neovolcanic zone in the MARK area (Figure 7) , where there are clear indications of crustal melt [Canales et al., 2000] . The only place in our study area where seismic velocities are anomalously low compared to average MAR values is the basin at the southern end of the segment, where velocities as low as 5 km s À1 are found at 2 km depth. However, at this site the seismic structure below 3 km depth resembles the average Atlantic structure, indicating that the low upper crustal seismic velocities at this location result from increased porosity in the basin, possibly due to fracturing and subsequent infilling by extrusive lavas, in agreement with similar patterns found at other segment ends along the MAR [e.g., Hooft et al., 2000] .
[24] Resolution tests indicate that our experiment could detect low-velocity zones beneath the TAG mound if they are shallower than 4 km and extend at least 3 km in the along-axis direction (see Appendix A). This means that we should have imaged a feature like the low-velocity zone of Kong et al. [1992] if it was real. The low-velocity zone of Kong et al. [1992] was present in inversions that utilized traveltime residuals from both Figure 9 . (a) Temperature-depth profiles at a distance of 3.8 km from the ridge axis predicted by thermomechanical modeling for a half spreading rate of 15 mm yr À1 [Williams et al., 2006] . Models were computed for Nusselt numbers (Nu) of 2 (red line) and 4 (blue line) (see text for definition of Nu), and assuming that half of the plate separation is accommodated by dike intrusions (M = 0.5 [Buck et al., 2005] ). More details on the model assumptions and parameters used are given by Tucholke et al. [2006] . Also shown are the solidus temperature for gabbro [Coogan et al., 2001 ] (dashed line) and the temperature-depth profile of the brittle-plastic transition (BPT) for dry crustal rheology [Hirth et al., 1998] [2007] ). Only events with an epicentral distance R of less than 1 km from the active TAG mound are shown. Vertical bar shows the estimated depth uncertainty of the events [deMartin et al., 2007] . Note the sharp decrease in seismicity below $5 km depth. (c) Predicted velocity-depth profiles for a gabbroic footwall using geotherms shown in Figure 9a (solid red and blue lines for Nu = 2 and 4, respectively). Also shown in gray is the velocity-depth profile found beneath the TAG mound along Profile 1 for the solution shown in Appendix A ( Figure A4 ). Red dashed line shows the estimated reduction in V P assuming an increased porosity of 0.003 from 2 to 2.4 km depth (for the case of Nu = 2). Porosity effects on compressional velocity have been calculated using the theoretical formulations of seismic propagation in two-phase media of Kuster and Töksoz [1974] , assuming a shear and bulk modulus of the gabbroic matrix of 43 and 80 GPa, respectively [Miller and Christensen, 1997] , shear and bulk modulus of the inclusions of 0 and 2.3 GPa [Kuster and Töksoz, 1974] , respectively, densities of 2900 and 1030 kg m À3 for the matrix and inclusions, respectively, and an aspect ratio for the inclusions of 0.01 to simulate cracks. controlled sources and microearthquakes, but not in inversions that used controlled-source data alone [Kong, 1990] . The joint inversion including microearthquake data with the resulting low-velocity zone was preferred over the refraction-only inversion because of attenuation observed in seismic arrivals from shots to the south of the active TAG mound. We also observed some attenuation in this region (southern parts of Profiles 1 and 3; Figure 2 ), but we interpret it as resulting from low-velocity, high-porosity upper crust in the southern nodal basin. Although there are differences in experimental geometry and data acquisition parameters between our study and Kong et al.'s [1992] study (e.g., 166 shots recorded in 13 receivers along our Profile 1 compared to 23 shots and 31 earthquakes recorded in 7 receivers in Kong et al.'s [1992] final model), they do not fully explain the differences in velocity models, especially considering that Kong's [1990] refraction-only inversion yielded very similar results to our Profile 1 inversion. We thus believe that the low-velocity zone presented by Kong et al. [1992] was an artifact due to the use of microearthquakes in a joint tomographic inversion, which can arise from irresolvable trade-offs between hypocentral depth and seismic velocity.
[25] Cannat et al. [2004] point out that heat advected by tectonic uplift might contribute to the thermal structure of young oceanic lithosphere. Although early models of hydrothermal fluid flow along fault zones concluded that conductive heat transfer across a fault is insufficient to drive a hightemperature hydrothermal system Strens and Cann, 1982] , those models considered only small normal faults that penetrated the upper 500-1000 m of the crust, and not large, long-lived faults such as the detachment beneath the active TAG mound. Therefore, in the absence of crustal magma reservoirs in the vicinity of the TAG mound, the presence of a large (>10 km along axis) detachment fault, and indications of water-filled cracks in the upper part of the footwall from our tomography results, it seems plausible that part of the energy driving hydrothermal circulation at TAG results from (1) conductive heat extracted by fluids penetrating the fractured upper part of the footwall and/or (2) heat advected by uplift along the fault and transferred conductively across the fault surface.
[26] To estimate the energy flux per unit area available to the TAG hydrothermal system due to conductive and hydrothermal cooling of the footwall we use Fourier's law Q c = Nu k dT dz relating the heat flux per unit area Q c to the thermal gradient dT dz across the footwall, with a thermal conductivity k enhanced by a factor of Nu. For values of Nu between 2 and 4, dT dz in the upper 3 km of the crust ranges from $290 to $500 K km À1 , respectively (Figure 9a ), resulting in an average Q c of 1.0 W m À2 (for k = 2.604 W m À1 K À1 [Cannat et al., 1995] ). To evaluate the contribution of the second mechanism, we estimate the heat flux per unit area Q a advected by uplift along the fault and extracted by fluids circulating in hot rock, expressed in terms of the uplift rate u as Q a = urC p DT [e.g., Lister, 1974] , where r is the density of the host rock (2900 kg m À3 ), C p is the specific heat (1200 J kg À1 K À1 [Cannat et al., 2004] ), and DT is the temperature contrast between the hot rock and the fluid (600 K). The uplift rate, assuming a 60°average fault dip and a horizontal extension of 3.9 km during 0.35 Myr [Tivey et al., 2003] , is 19 km Myr À1 . Thus Q a is 1.3 W m À2 .
[27] Therefore the heat flux per unit area available to the system by advection and conduction is Q = Q c + Q a = 2.3 W m À2 . This means that if the total heat flux of the TAG system (Q T = 1000 MW [Humphris and Cann, 2000] ) comes from conduction and tectonically advected heat, the area from which fluids are mining energy has to be $430 km 2 , significantly larger than the $100 km 2 covered by the detachment fault. Thus these mechanisms might contribute no more than $25% to the total heat required to drive the TAG system.
[28] These calculations show that a large, and/or frequently replenished melt reservoir is required to provide enough heat to drive high-temperature convection at TAG. The magmatic heat source must be deeper than 4 km to satisfy our seismic refraction data, and it must also be deeper than $7 km to be consistent with the observation of deep seismicity [deMartin et al., 2007] . In this regard, detachment faulting at TAG may be similar to melt-assisted detachments like the Atlantis Bank on the Southwest Indian Ridge [Dick et al., 2000] . A deep magmatic heat source of this kind may also serve as a nucleation point and root zone for detachment faulting.
Concluding Remarks
[29] In summary, the seismic structure of the TAG segment presented in this paper shows that the TAG hydrothermal system is not driven by energy extracted from shallow or mid-crustal magmatic intrusions. Our results, together with recent microseismicity observations, (1) reveal the complex, dome-shaped subsurface geometry of a detachment fault, (2) suggest that significant rotation of the footwall fractures the upper part of the footwall, contributing to its cooling, and (3) indicate that the most likely heat source of the active TAG mound must be magmatic intrusions at the spreading axis at least 7 km deep. Uplift along the fault cannot provide enough heat to drive hydrothermal circulation in this system, but it can promote efficient fluid up-flow, channeling deep hydrothermal fluids from a large area along the segment ($20 km, the length of the active fault) to a focused area near the surface where they are expelled to the seafloor through a high-porosity zone in the hanging wall 
Appendix A: Model Uncertainty and Resolution Tests
[30] To estimate the uncertainty of our velocity models we followed a Monte Carlo approach [e.g., Korenaga et al., 2000] . First we constructed 10 traveltime data sets by adding random Gaussian noise N(0, s = 15 ms km À1 ) to the observed traveltime gradients, following the method of Zhang and Toksöz [1998] . We then constructed 10 initial velocity models by adding random perturbations to the best 1-D models (the perturbations were constrained to be within À1 km s À1 and +0.2 km s À1 with respect to the 1-D model). Finally we run 100 tomographic inversions using all possible combinations of perturbed traveltimes and perturbed initial velocity models, and using the same model parameterization as in our preferred solutions. Assuming that all the Monte Carlo realizations have the same probability, the estimated velocity uncertainty can be approximated by the standard deviation of the 100 Monte Carlo realizations ( Figure A1) .
[31] We tested the spatial resolution of our preferred 2-D models by performing a checkerboard test for Profile 1. First we added sinusoidal velocity perturbations of ±10% to the 1-D velocity models in 5 Â 1 km 2 cells, alternating positive and negative perturbations, and calculated the predicted traveltimes by the perturbed velocity model. Then we added noise to the predicted traveltimes using the method described above, and performed a tomographic inversion using the same model parameterization as in our preferred solution. The recovered checkerboard pattern ( Figure A2 ) shows that our experiment is able to resolve features with length scales of 5 km horizontally and 1 km vertically, assuming velocity variations of ±10%.
[32] Checkerboard tests provide an upper bound of the average resolution of the full models. However, the resolution of the models can be higher for isolated anomalies in a relatively homogenous medium. To test if our experiment could detect low-velocity zones beneath the TAG mound, we reduced the velocity of the 1-D model along Profile 1 by 10% in a 3-km wide area centered at the TAG mound at depths below 3 km (black box in Figure A3 ). We then calculated the predicted traveltimes, added random noise as described above, and inverted for the 2-D structure. The recovered anomaly ( Figure A3 ) is smeared laterally but is nevertheless clearly visible, demonstrating that our tomographic inversions are capable of resolving low-velocity anomalies beneath the TAG mound if they are at least 3 km long and shallower than 4 km.
[33] We also tested the significance of the small decrease in P wave velocity found along Profile 1 beneath the TAG mound at depths of $2-3 km (Figure 7) . We modified the preferred 2-D model of Profile 1 (Figure 6 ) so that the velocity gradient in the area within 6 km from the TAG mound remains positive with depth ( Figure A4 ). We use this modified 2-D model as starting model and run the tomographic inversion of the observed data with the same smoothing model parameterization as in our preferred solution. The resulting velocity Figure A3 . Results from a low-velocity anomaly resolution test. Rectangle delineates the location of the initial anomaly, which had a reduction in V P of 10% with respect to a background 1-D structure. model shows a negative velocity gradient from 1 to 2.5 ( Figure A4 ). The decrease in velocity is less pronounced that in our preferred solution (Figure 7 ), but it starts shallower. Thus the negative velocity gradient beneath the TAG mound is required by the data, although there is a trade-off between the amplitude of the velocity decrease and the thickness of the anomalous zone. 
